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In Brief
It is unclear how DNA sensing by DCs is superior to macrophages. Xu et al. show that DCs are specialized in sensing mtDNA after CD47 blockade through inhibiting uptaken DNA degradation in their phagosomes while macrophages rapidly degrade DNA.
INTRODUCTION
As a central cytoplasmic DNA sensor upstream of STING (stimulator of interferon genes), cGAS has been shown to sense dsDNA and catalyze the generation of the secondary messenger cGAMP (cyclic GMP-AMP) during viral infection and lupus erythematosus (Barrat et al., 2016; Gao et al., 2013 Gao et al., , 2015 Schoggins et al., 2014; Sun et al., 2013) . cGAMP in turn binds to STING and triggers the downstream TBK1 kinase-IRF3 transcription factor axis (Gao et al., 2013; Sun et al., 2013) . However, while the function of cGAS-mediated DNA sensing is well established in antibacterial and antiviral immunity, the role of cGAS in antitumor immunity and the character of DNA that triggers such antitumor immune responses in anti-cancer therapies have not been extensively investigated. Recently, tumor-derived double-stranded DNA (dsDNA) has been shown to be taken up by host antigen-presenting cells (APCs) and translocated into cytosol, similar to antigen uptake (Deng et al., 2014; Michelle Xu et al., 2017; Sistigu et al., 2014; Woo et al., 2015) . Cytosolic tumor DNA therefore triggers the DNA-sensing STING pathway and contributes to the antitumor immune responses. However, whether and how engulfed tumor DNA is processed preferentially by selected phagocytes after initial phagocytosis are largely unknown.
CD47 is a transmembrane protein known as a ''don't eat me'' signal that interacts with signal regulatory protein a (SIRPa) expressed on macrophages and dendritic cells (Barclay and Van den Berg, 2014; Blazar et al., 2001; Oldenborg et al., 2000) . Engagement of SIRPa by CD47 promotes the phosphorylation of the ITIMs (immunoreceptor tyrosine-based inhibitory motif) in the cytoplasmic tail of SIRPa, which in turn recruits SHP-1 and/or SHP-2 (src homology-2 [SH2]-domain containing protein tyrosine phosphatases) to dephosphorylate motor protein myosin IIA and thereby inhibit phagocytosis. Accumulating evidence indicates that CD47 is expressed widely across multiple cancer types, and abundant CD47 has correlated with poor survival in several types of cancers (Chan et al., 2009; Jaiswal et al., 2009; Majeti et al., 2009; Rendtlew Danielsen et al., 2007) . Moreover, the potential of blocking CD47-SIRPa interactions as a therapeutic target has been demonstrated in various preclinical models, which has led to multiple ongoing clinical trials (Chao et al., 2010 (Chao et al., , 2011a (Chao et al., , 2011b Tseng et al., 2013; Willingham et al., 2012) . Therefore, the CD47 pathway might be required for optimal tumor-mediated immune evasion. While most preclinical mechanistic explorations highlighted the macrophage-dependent antitumor efficacy (Chao et al., 2011a; Weiskopf et al., 2016; Willingham et al., 2012) , several studies intriguingly demonstrate that the therapeutic effect of CD47 blockade largely depends on DC cross-priming of CD8 + T cells mediated by type I interferon (IFN) (Liu et al., 2015;  Immunity 47, 363-373, August 15, 2017 ª 2017 Elsevier Inc. 363 Sockolosky et al., 2016; Tseng et al., 2013) . Type I IFN has been identified as an essential component in the innate immune recognition of tumor, bridging the innate and adaptive immunity in cancer and various anti-cancer treatments. It has been shown that interruption of CD47-SIRPa signaling enables an increase of type I IFN exclusively in DCs, in contrast to the minimal changes observed in macrophages (Liu et al., 2015) . Such specialized function of DCs after tumor uptake cannot simply be explained by its capacity for phagocytosis, since DCs are considered less potent than macrophage in engulfing tumor cells. It is unclear whether tumor-restricted DNA sensing occurs differentially in DCs versus macrophages after modifying CD47-SIRPa signaling and what downstream molecular cascade orchestrates the specialized capacity of DCs in generating type I IFN.
Here, we report that in contrast to macrophages, DCs are more specialized in utilizing cytosolic DNA sensing pathway to bridge innate response to adaptive response after anti-CD47-mediated phagocytosis. Upon CD47 blockade, tumororiginated mtDNA is phagocytosed by macrophages with a rapid degradation. In contrast, ingested mtDNA in DCs is channeled into cytosolic compartment successfully, leading to cGAS-STING-IRF3-mediated cytosolic DNA sensing for tumor rejection.
RESULTS
DCs Are Specialized in DNA Sensing Triggered by CD47 Blockade Most studies examined phagocytosis-associated tumor killing by utilizing macrophages due to their superior potency in phagocytosis. However, our recent study shows that DCs are more potent in their ability to generate type I IFNs and cytotoxic T lymphocytes (CTLs) after CD47 blockade (Liu et al., 2015) . To further address cellular requirement of DNA sensing in response to CD47 blockade, we crossed Tmem173 f/f mice with Lyz2-cre to delete STING in mature macrophages, while using Itgax-cre to delete STING in DCs ( Figure S1A ; Blaauboer et al., 2015; Jin et al., 2013) . Lyz2-cre;Tmem173 f/f mice rejected tumor cells as similar as Tmem173 f/f mice after anti-CD47 treatment ( Figure 1A ).
In contrast, conditional deletion of STING in CD11c + DCs completely abolished the antitumor effect of anti-CD47 mAb ( Figure 1B ). These data demonstrate that in MC38 tumor model, therapeutic anti-CD47 preferentially relies on STING-mediated DNA sensing in DCs, whereas intrinsic STING signaling in macrophage makes a minor contribution to the antitumor immunity during CD47 blockade. The lack of DNA sensing in macrophages could be explained by a defect in CD47-blockade-mediated phagocytosis. To Figure S1 .
compare the phagocytic capacity of macrophages and DCs, we labeled MC38 cells with CFSE and co-cultured with bone marrow-derived DCs (BMDCs) or macrophages (BMMs). We observed that both DCs and macrophages displayed enhanced phagocytosis in response to CD47 blockade, while macrophages phagocytosed even more effectively than DCs (Figure 1C) . Consistently, an enhanced accumulation of DNA was detected inside both DCs and macrophage after CD47 blockade ( Figure 1D ), indicating that the specialized function of DCs in DNA sensing cannot be attributed to its potency in capturing tumor-derived DNA. Given that FcgR (Fcg receptor) signals are demonstrated to trigger type I IFN production (Chao et al., 2010; Henault et al., 2012) , we therefore examined whether FcgR with diverse expression pattern on different phagocytes contribute to the unique ability of DCs in DNA sensing. We found that both WT mice and Fcer1g À/À mice were able to control tumor growth after treatment with anti-CD47 mAb (Figures 1E and 1F) . Consistently, inhibition of Fc binding to FcR did not change IFN-b induction in response to anti-CD47 mAb (Figure S1B) . Collectively, these data suggest that therapeutic CD47 blockade relies on a FcgR-independent DNA sensing signaling in DCs instead of macrophages, notwithstanding their similar capacities of engulfing tumor cells and uptaking tumorderived DNA.
Tumor-Derived mtDNA Is Preferentially Increased in the Cytosol of DCs but Not Macrophages in Response to CD47 Blockade
The nature of DNA with selective access to particular DNA sensor could be critical for distinct outcomes of DNA sensing in different phagocytes. To explore whether the type of DNA released into cytosol dictates the unique ability of DCs for STING-mediated sensing, we quantified the component of cytosolic DNA content from BMDCs co-cultured with MC38 cells. Although a four-fold increase of both cytosolic gDNA (genomic DNA) and mtDNA (mitochondrial DNA) was observed in response to anti-CD47 treatment, we found a higher abundance of mtDNA fragments than gDNA inside the cytosol of in vitrocultured BMDCs (Figures 2A and S2A ). In fact, gDNA was barely detectable in the cytosol of BMDCs when comparing with mtDNA. Because tumor cells cultured in vitro cannot completely recapitulate the tumor microenvironment in vivo, we therefore implanted MC38 tumor cells on the flanks of WT mice to study the impact of CD47 blockade inside tumor microenvironment. Consistent with our findings in vitro, an increased abundance of mtDNA was also detected in the cytosol of tumor-infiltrating DCs, whereas gDNA was rarely observed within the cytosol despite increasing after CD47 blockade ( Figures 2B and S2B ), implying that enhanced enrichment of mtDNA could be a critical Figure S2 .
event determining the consequence of cytosolic DNA sensing in DCs. We next asked whether different cell types differ in their ability to generate cytosolic mtDNA in response to anti-CD47-mediated phagocytosis. While no significant change of mtDNA was observed in macrophages and monocytes, mtDNA was markedly increased in DCs in response to CD47 blockade in MC38 tumor model ( Figure 2C ). These results suggest that CD47 blockade allows an accumulation of cytosolic mtDNA in DCs, which may be a requirement for the effective innate sensing. It is possible that the enhancement of mtDNA enriched in DC cytosol is released from endogenous stressed mitochondrial after blocking CD47-SIRPa signaling in DCs. To test this, we used a mitochondrial-stress indicator MitoSOX to specifically detect superoxide in the mitochondria of DCs. Anti-CD47 did not increase the MitoSOX fluorescence in DCs ( Figure S2C ), indicating that increased cytosolic mtDNA may not be due to endogenous mitochondrial stress. To further confirm that such cytosolic mtDNA is associated with ingested tumor cells but not from endogenous DNA in DCs, CD47-positive human colon cancer HCT116 was xenografted into NOD scid gamma (NSG) mice whose SIRPa is able to bind to human CD47 (Takenaka et al., 2007) , so human DNA from transplanted tumor can be distinguished from recipient mouse DNA in DCs. While the amount of tumor and host gDNA was comparable in the cytosol of DCs, we observed an increase in the enrichment of tumor mtDNA as compared with host endogenous mtDNA after anti-CD47 treatment, reinforcing the conclusion that cytosolic DNA in DCs is mainly derived from ingested tumor mtDNA ( Figure 2D ). Collectively, these data indicate that CD47 blockade promotes the accumulation of tumor-derived mtDNA in the cytosol of DCs, which might be an essential step triggering innate sensing in phagocytes.
Phagocytosed Mitochondrial DNA Is Required for Anti-CD47-Mediated Innate Sensing in DCs To assess the functional significance of tumor-derived mtDNA in DCs, we cultured MC38 tumor cells with dideoxycytidine (ddC) to generate mtDNA-depleted tumor cells ( Figure 3A ). We observed a five-fold increase in the production of IFN-b in DCs isolated from parental but not from mtDNA-depleted MC38 3 days after CD47 blockade, while IFN-b was not induced in tumor-infiltrating macrophages ( Figure 3B ). These data suggest that tumor-derived mtDNA is required for innate sensing in DCs triggered by CD47 blockade. We next determined whether reduced mtDNA could actually affect the ability of DCs to crossprime CD8 + T cells. The function of DCs to cross-present antigen was augmented by CD47 blockade when stimulated with parental tumor cells. However, reducing mtDNA in tumor cells abolished the ability of DCs to cross-prime T cells ( Figure 3C ), which suggests that mtDNA from tumor cells is required for anti-CD47-mediated cross priming. Given that ROS (reactive oxygen species)-mediated oxidation of DNA potentiates mtDNA access to the cytosol for subsequent immune recognition (Caielli et al., 2016; Lood et al., 2016) , we hypothesized that a greater amount of mtDNA elicited by ROS stress might strengthen the capacity of DCs to produce type I IFN upon anti-CD47 mAb treatment. To test this hypothesis, tumor cells were transiently pretreated with rotenone prior to incubation with BMDCs. In the context of rotenone treatment, we observed more potent IFN-b induction in BMDCs upon CD47 blockade ( Figure 3D ), consistent with reports demonstrating the high pro-inflammatory properties of released oxidized mtDNA (Lood et al., 2016; Shimada et al., 2012; West et al., 2015) . By using CRISPR/Cas9 genome editing, we generated a stable Cd47 À/À variant of MC38 tumor cells ( Figure 3E ). In comparison with the parental cells, Cd47 ablation significantly repressed tumor growth in vivo ( Figure 3F ). However, the inhibition of growth of Cd47 À/À MC38 cells was markedly reversed when tumor mtDNA was depleted, indicating that tumor-derived mtDNA is essential for tumor control ( Figure 3F ). Taken together, these data demonstrate that increased release of tumor mtDNA into cytosol is an essential upstream step to trigger cytosolic DNA sensing during CD47 blockade.
Blocking SIRPa Signaling on DCs Prevents Phagosomal Acidification and Inhibits DNA Degradation
Oversupply of DNA or defects in the DNA degradation can result in the increased activation of DNA sensing pathways. Given the potency of macrophage in phagocytosis, we therefore speculated whether the degradation machinery in macrophage phagosomes favors faster clearance of phagocytosed mtDNA than DC. To test this, phagosomal DNA degradation was analyzed over different time points. Although CD47 blockade increased mtDNA in both DCs and macrophage phagosomes, macrophages degraded engulfed mtDNA more efficiently than DCs did ( Figure 4A ), suggesting a restriction of DNA degradation in DCs after anti-CD47 treatment in MC38 tumor model.
Effective fusion between phagosomes and lysosomes leads to a fast acidification of phagosomal lumen, which in turn activates lysosomal DNase II for DNA degradation (Peitsch et al., 1994) . We found that, in contrast to DCs, a higher proportion of macrophage phagosome with lysosomal marker LAMP-1 was observed in macrophage ( Figure 4B ), while a delayed acquisition of LAMP-1 was detected in DCs after CD47 blockade-mediated phagocytosis ( Figure 4B ), indicating an unique role of CD47-SIRPa signaling in DCs to regulate the phagosomal function. We next tested the phagosomal pH in DCs and macrophages in response to CD47 blockade. Consistently, pH in DC phagosomes acidified slower than macrophage in the absence of anti-CD47 ( Figures 4C and 4D ). While the phagosomal environment in macrophages was not significantly changed after blocking CD47-SIRPa signaling ( Figure 4C ), CD47 blockade was able to prevent phagosomal acidification in DCs ( Figure 4D ). In addition, inhibiting phagosomal acidification with chloroquine further improved the efficiency of DNA sensing in DCs and allowed macrophages to gain DNA sensing after CD47 blockade (Figures S3A and S3B) . Together, these data suggest that intervention of CD47-SIRPa signaling in DCs specifically modified the phagosomal environment into a less favorable state for degradation.
Blocking SIRPa Signaling on DC Phagosomes Induces a NOX2-Dependent Decrease in Degradation of Engulfed DNA We next asked how SIRPa signaling in DCs interacts with the pathways regulating phagosome function. Compared with macrophages, DCs have developed a specialized phagocytic pathway to maintain the alkaline pH in phagosomes via recruiting NOX2 to the phagosomal membrane, where NOX2 produces ROS to consume protons generated by V-ATPase and delay the acidification of phagosomal lumen (Mantegazza et al., 2008; Savina et al., 2006) . We observed that while no enhancement of ROS was found in macrophages, a higher amount of phagosomal ROS was found in DCs after blocking CD47-SIRPa signaling ( Figure 5A ). The generation of ROS was markedly inhibited in phagosomes from gp91 phox (Nox2)-deficient DCs, confirming that functional NOX2 is essential for phagosomal ROS in DCs after CD47 blockade ( Figure 5B ). In addition, CD47 blockade did not increases the expression of NOX2 ( Figure S4A ). We reasoned that the SIRPa signaling might directly control the activity of NOX2 on DC phagosomes. The activation of NOX2 is dependent on tyrosine phosphorylation of p47 phox , while binding of CD47 to SIRPa on DCs is shown to recruit the tyrosine phosphatase SHP-1 (Chowdhury et al., 2005; Ding et al., 2016; Oldenborg et al., 2001) . Therefore, we sought to examine whether p47 phox could be the de-phosphorylation target of SIRPa-SHP-1. Co-immunoprecipitation showed that p47 phox interacted with SIRPa and SHP-1 in DCs. Less SHP-1 and SIRPa were observed after CD47 blockade, while tyrosine phosphorylation of p47 phox was greater in DCs upon anti-CD47 mAb treatment ( Figure 5C ). In contrast, tyrosine phosphorylation of p47 phox was not changed in macrophages after anti-CD47 mAb treatment, suggesting that the activity of NOX2 in BMDMs is controlled independent of CD47-SIRPa signaling (Figure S4B) . Collectively, these results indicate that engagement of SIRPa by CD47 recruits SHP-1 to dephosphorylate p47 phox and consequently inhibit the activation of NOX2. Furthermore, the greater activity of NOX2 in DCs could be restored by CD47 blockade. To confirm the critical role of NOX2 in regulating DNA sensing, we compared the amount of cytosolic mtDNA in WT and gp91 phox (Nox2)-deficient DCs or macrophages upon CD47 blockade. While no change of cytosolic mtDNA was observed in both WT and gp91 phox (Nox2)-deficient macrophages, cytosolic mtDNA was significantly decreased in gp91 phox (Nox2)-deficient DCs during CD47 blockade-mediated phagocytosis ( Figure 5D ). Moreover, IFN-a mRNA was decreased in gp91 phox (Nox2)-deficient BMDCs in comparison with WT BMDCs ( Figure S5A ). Furthermore, tumor growth was inhibited in WT mice after CD47 blockade, while absence of host NOX2 significantly impaired the anti-CD47 mAb-mediated antitumor effect ( Figure S5B ). Together, these results demonstrate that as a prerequisite for efficient immune recognition of tumor DNA, NOX2 in DC phagosomes is tightly controlled by SIRPa signaling to maintain cytosolic DNA amounts below the threshold of innate sensing. Alleviation of restriction on NOX2 in DCs by CD47 blockade generates sufficient engulfed tumor mtDNA for innate sensing, which contributes to successful antitumor response.
Mitochondrial DNA Is Increasingly Sensed by cGAS after CD47 Treatment To determine whether tumor mtDNA ingested into the cytosol in response to anti-CD47 treatment could be directly recognized by cGAS in DCs, we co-incubated cGAS-expressing DC2.4 with tumor cells in the presence of anti-CD47 mAb for 8 hr. Purified DC2.4 cells were subsequently cross-linked and immunoprecipitated with anti-FLAG mAb ( Figure 6A) . A significant enrichment for mtDNA, but not gDNA, was detected when cells were treated with anti-CD47 mAb ( Figure 6A ). To ensure that the association of mtDNA-cGAS was not attributed to an overexpression artifact, we examined whether endogenous cGAS of DCs could interact with mtDNA upon CD47 blockade. Consistently, mtDNA, but not gDNA, was significantly enriched in the endogenous cGAS immunoprecipitate after anti-CD47 mAb treatment as compared to rat Ig control, confirming that mtDNA in the cytosol was directly bound by cGAS ( Figure 6B ).
To further assess the origin of cGAS-bound DNA, human tumor cells were co-cultured with BMDCs from NSG mice. While the amount of tumor-derived or host-derived gDNA was not changed after CD47 blockade ( Figure 6C ), tumor-derived mtDNA was enriched five-fold in the anti-CD47-treated mice. Even though a low amount of host mtDNA was detected binding to cGAS, mtDNA originated from tumor cells was the predominant DNA source with enhanced binding to cGAS after anti-CD47 mAb treatment ( Figure 6C ). Together, these data suggest that mtDNA from tumor cells binds to and activates cGAS in host DCs in response to CD47 blockade.
cGAS Signaling Controls Type I IFN Induction by DCs upon CD47 Blockade We next determined whether cGAS (encoded by Mb21d1) is required for DC sensing of tumor cells as a potential opportunity, upstream of STING, to cross-prime antigen-specific CTL response. Our results indicated that the cross-priming capacity of DCs was enhanced by the stimulation of tumor cells in the presence of anti-CD47 mAb ( Figure 7A ). However, cGAS-deficient BMDCs were unable to cross-prime antigen-specific CD8 + T cells efficiently in response to anti-CD47 mAb ( Figure 7A ).
Consistently, the induction of IFN-b was significantly abrogated in the absence of cGAS in response to CD47 blockade (Figure 7B) . Given that the activation of cGAS-STING promotes type I IFN transcription via Tbk1 kinase-Irf3 transcription factor signaling axis (Sun et al., 2013) , we examined whether anti-CD47 mAb treatment could induce phosphor-IRF3 in vivo. Indeed, anti-CD47 mAb enhanced the activation of IRF3 in tumor-infiltrating DCs 1 day after treatment ( Figure S6 ). Similar to cGAS-deficient BMDCs, IFN-b production and CTL cross-priming were severely impaired in Irf3 À/À DCs, further confirming the necessity of this pathway for DC activation by anti-CD47mAb ( Figures 7C and 7D) . To test the possibility that mtDNA-mediated cGAS activation can also occur in human primary DCs, we cultured human DCs with tumor cell line HCT116. Indeed, mtDNA was increased inside the cytosol of DCs after CD47 blockade and IFN-b transcripts were enhanced in human DCs ( Figure S7 ). Furthermore, cGAS mRNA expression was significantly upregulated in human DCs after anti-CD47 treatment ( Figure S7 ), suggesting that DNA sensing may trigger a positive feedback loop through amplifying cGAS-mediated signaling.
Collectively, these data indicate that anti-CD47 mAb treatment triggers cGAS-STING-IRF3-mediated type I IFN production. cGAS Is Required for Tumor Rejection after Anti-CD47 Treatment To further assess the critical role of cGAS in host immune cells in response to anti-CD47 treatment, we inoculated MC38 or B16-SIY tumor cells on the flanks of mice reconstituted with either wild-type or Mb21d1 À/À bone marrow. We observed that the antitumor effect of anti-CD47 mAb is dramatically abolished in mice reconstituted with Mb21d1-WT bone marrow cells (BMCs), whereas tumor burden was significantly reduced by anti-CD47 mAb in WT-WT reconstituted mice. The result indicated that the bone marrow-derived cell expressing cGAS is essential for an anti-CD47 mAb-mediated antitumor effect ( Figures 7E and 7F ). We also measured tumor growth in Irf3 À/À mice. As compared to WT mice, tumors grew faster in
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À/À hosts upon CD47 blockade, suggesting that the cGAS-STING-IRF3 axis is required for anti-CD47-mediated tumor control ( Figure 7G ). Consistent with previous observations, anti-CD47 mAb can elicit effective tumor antigen-specific CD8 + T cell responses in WT mice, whereas the tumor-specific CD8 + T cell responses in cGAS-deficient mice after CD47 blockade were diminished ( Figure 7H ). Together, these data demonstrate that the host cGAS pathway plays a critical role in T cell priming and the therapeutic efficacy of anti-CD47 mAb therapy.
DISCUSSION
Cytosolic DNA sensing is essential for the induction of type I IFNs and cross-priming. However, whether and how different type of phagocytes functions distinctively for processing engulfed DNA is largely unclear. Since macrophages are more potent in phagocytosis than DCs, one would expect that macrophages can uptake more DNA for better innate sensing. However, we observed that preventing the engagement of SIRPa by CD47 promoted DNA sensing selectively in DCs but not in macrophages. We showed that (1) although CD47 blockade increases phagocytosis of tumor cells by both macrophages and DCs, the therapeutic effect of anti-CD47 mAb largely depended on cytosolic DNA sensing pathway in DCs; (2) mtDNA was uniquely maintained in DC phagosomes and released into DC cytosol; (3) reduced mtDNA from tumor cells impaired type I IFN production and cross-priming of DCs; (4) in addition to enhancing phagocytosis, intervention of SIRPa signaling on DCs by anti-CD47 Ab prevented the clearance of engulfed mtDNA by activating NOX2; (5) tumor mtDNA directly interacted with cGAS in the cytosol of DCs; (6) the cGAS-STING-IRF3 signaling pathway was required for anti-CD47 mAb to generate type I IFN and cross-prime CD8 + T cells; and (7) activation of the cGAS pathway was essential for the antitumor effect of anti-CD47 mAb. Macrophages and DCs are professional phagocytic cells that are able to recognize and uptake pathogens, dying cells, and malignant cell very efficiently. However, the specialization of each population for processing engulfed DNA to initiate innate sensing is still unclear. In CD47 blockade-mediated phagocytosis, we observed that the antigen-presenting cell (APC) commitment to immunogenic innate sensing was regulated by a specific phagocytic program adapted by DCs but not macrophages. In contrast to macrophages, DCs could maintain an alkaline phagosomal lumen by NOX2 to delay DNA degradation. However, such a mechanism was demonstrated to be insignificant in macrophages. It is possible that the rapid assembly of V-ATPase in phagosome enables a rapid rise in the concentration of H + within minutes after phagocytosis, but NOX2 in macrophages is insufficient to counteract the phagosomal acidification (Lukacs et al., 1990; Mantegazza et al., 2008; Savina et al., 2006) . Therefore, the ingested DNA can be rapidly and completely degraded in macrophage phagosomes. In addition, macrophages have higher expression of DNase II that allows them to completely digest tumor DNA without activating DNA-sensing pathway (Kawane et al., 2001) . Macrophages lacking DNase II cannot eliminate engulfed DNA and develop an inflammatory disease, which is rescued by loss of STING function (Ahn et al., 2012) . This suggests that the macrophage is more adapted to destroy the ingested DNA in order to prevent the development of autoimmunity. Together, our study has now demonstrated that in addition to its superior capacity in antigen processing and presentation, the DC is specialized in opening the cytosolic DNA sensing pathway under control of CD47-SIRPa axis, thus coordinately contributing to the activation of adaptive immune system. Unlike the relatively well-demonstrated mechanism governing the cytosolic DNA sensing pathway in antibacterial and antiviral immunity, the role of tumor-derived DNA in cytosolic DNA sensing for cancer initiation or anti-cancer therapies had not been well defined. We and others have provided evidence suggesting that activation of STING and type I IFN production are particularly critical for innate immune sensing of tumor cells (Deng et al., 2014; Woo et al., 2014) . However, which type of DNA-mtDNA or gDNA-is the dominant DNA required for innate sensing remained to be determined. Our results have revealed that mtDNA binding to cGAS is upstream of the STING pathway and is essential to the efficacy of therapeutic CD47 blockade. The critical function of mtDNA has been mostly studied in infection (West et al., 2015) . More recently, the release of oxidized mtDNA with potent interferongenic properties has been observed during NETosis (neutrophil extracellular traps) and caspase-inhibited apoptosis (Caielli et al., 2016; Laguette et al., 2014; Lood et al., 2016; Rongvaux et al., 2014) . Once mtDNA enters into the cytoplasm, it might initiate interferon production via the DNA sensor cGAS, a process similar to that employed by foreign bacterial and viral DNA (Chen et al., 2016; Wu and Chen, 2014) . Our study does not exclude that gDNA can efficiently bind to cGAS, but rather it demonstrates that mtDNA is a major initiator of antitumor immunity as a result of anti-CD47-mediated phagocytosis. It has been shown that, in tumor cells undergoing massive apoptosis and necrosis, gDNA can then become fragmented and contribute to innate sensing (Lan et al., 2014; Shen et al., 2015) .
Identification of tumor-derived DNA as the inducer for innate sensing raises the question of how DNA is released into the cytosol of host APCs and interacts with DNA sensors after CD47 blockade. One possibility is through binding to the antimicrobial peptide LL37, which leads to resistance to DNase II degradation and escape from autophagic recognition (Chamilos et al., 2012; Zhang et al., 2015) . Another possibility is that tumor-derived DNA may be transferred through gap junctions composed of connexin 43 (CX43) in a contact-dependent manner, which is known to regulate several immunological processes such as antigen cross-presentation (Neijssen et al., 2005) . Additionally, it is tempting to speculate that ROS generated during phagocytosis can oxidize DNA originating from tumor, facilitating its escape from phagosomes (Gehrke et al., 2013; Lood et al., 2016) . This is a possibility since mtDNA is more vulnerable to oxidative damage as compared with gDNA, due to a lack of protection by histones. Thus, it would be of interest to dissect the underlying mechanism responsible for the entrance of tumor-originated mtDNA into the cytosol of host APCs.
In this study, we observed that higher amount of CD47 on tumor can inhibit DNA sensing in DCs for immune evasion. In addition to reducing ''do not eat me'' signaling, the principal antitumor effect of anti-CD47 mAb is attributed to the activation of mtDNA-mediated host cGAS-STING pathway inside DCs. The combination of anti-CD47 mAb with ''eat me signaling'' enhancers, such as genotoxic agents, including radiotherapy and chemotherapy as well as targeted therapies, could be a potential therapeutic strategy to synergistically enhance phagocytosis and trigger mtDNA sensing to improve the adaptive immune response.
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Cell lines MC38 is a murine colon adenocarcinoma cell line. A20 is a murine lymphoma cell line. B16F10 is a murine malignant melanoma cell line. MC38-SIY was selected for a single clone after being transduced by lentivirus expressing human EGFR (L858R)-SIY. B16-SIY melanoma cells were obtained from Dr. Thomas Gajewski (The University of Chicago). B16-OVA is an OVA-transfected clone derived from the murine melanoma cell line B16. DC2.4 cells were the immature dendritic cells of C57BL/6 mice. HCT116 is a human colon cancer cell line. All the cell lines were tested to be mycoplasma free. To generate mtDNA-depleted cells, ddC (Sigma) was re-suspended in DMSO and added to cell culture at a final concentration of 50 mM, and replenished every 48 h. Cells were maintained either in DMEM (Invitrogeon) supplemented with 10% FBS and 1% penicillin-streptomycin or RPMI 1640 (Invitrogen) supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acid, 1% penicillin-streptomycin, 2-ME, and 10% FBS at 37 C in 5% CO 2 .
Primary cell cultures
Single-cell suspensions of bone marrow cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum, supplemented with 20ng/ml GM-CSF for BMDC and 20ng/ml M-CSF for BMM (Peprotech). Fresh media with GM-CSF or M-CSF was added into culture on day 3. For induction of human DCs, human peripheral blood mononuclear cells (STEMCELL) were cultured in the presence of 40ng/ml human GM-CSF (Biolegend) and 40ng/ml human IL-4 (Biolegend). CD11c + DCs were sorted after seven days.
METHOD DETAILS
Reagents and Construct Anti-mouse CD47 blocking mAb (clone MIAP301) and anti-human CD47 blocking mAb (clone B6H12) were purchased from BioXcell (West Lebanon, NH) . EdU was purchased from Invitrogen. Conjugated antibodies against CD11b, CD11c, Ly6C, CD45, F4/80 and CD45 were purchased from BioLegend. pcDNA3.1-Flag-mouse cGAS plasmid was kindly provided by Dr. Zhijian J. Chen of University of Texas Southwestern Medical Center.
DNA uptake assay MC38 cells were incubated with EdU (10mM) overnight in complete DMEM culture medium. 2x10 6 bone marrow-derived dendritic cells or macrophage were plated in a 6-well ultra-low-adherent plate (Corning) and cultured with 2 3 10 6 EdU labeled cancer cells (MC38) in 2% FBS RPMI medium. Rat Ig or anti-CD47 antibody (30 mg/mL) was added and incubated for 4 h at 37
. The percentage of phagocytosed DNA was calculated as the percentage of EdU + cells within DCs or macrophages.
Phagocytosis assay MC38 cells were labeled with 5uM CFSE (Biolegend) and co-cultured with BMDC or BMM for one hour in a 96-well ultra-low-adherent plate. Rat Ig or anti-CD47 antibody (30 mg/mL) was added and incubated for 1 h at 37 . Cells were stained with anti-CD45 and analyzed using a BD LSR Fortessa Analyzer.
Tumor Growth and Treatments 1x10 6 MC38 or B16-SIY tumor cells were subcutaneously injected into the flank of mice. Tumors were allowed to grow for 9-14 days and were treated by anti-mouse CD47 mAb or rat Ig intratumorally. 3x10 6 A20 tumor cells were subcutaneously injected into the flank of mice. Tumors were allowed to grow for 12 days and treated by anti-mouse CD47 mAb or rat Ig intratumorally. 1x10 6 HCT116 human cancer cells were subcutaneously injected into the flank of NSG mice. Tumors were allowed to grow for 14 days and treated by anti-human CD47 mAb or mouse Ig intratumorally. Tumor volumes were measured by length (a) and width (b) and calculated as tumor volume = ab 2 /2.
Tumor digestion
Tumor tissues were excised and digested with 1mg/ml Collagenase D (Sigma), 100mg/ml DNase I (Sigma) in the incubator with 5% CO 2 . After 30 min, tumor was then passed through a 70 mm cell strainer to remove large pieces of undigested tumor. Tumor infiltrating cells were washed twice with PBS containing 2 mM EDTA.
Flow Cytometric Sorting and Analysis
Single cell suspensions were blocked with anti-FcR (clone 2.4G2, BioXcell) and then stained with antibodies against CD11c (Clone N418), CD11b (Clone M1/70), Ly6C (Clone HK1.4), F4/80 (Clone BM8) and CD45 (Clone 30-F11). Cells were sorted on a FACS Aria II Cell Sorter (BD). For pIRF3 staining, single cell suspensions were stained with CD11c and CD45, and permeabilized with the Fixation/ Permeabilization kit (eBioscience). Cells were then stained with pIRF3 antibody (CST, Cat # 29047) intracellularlly followed by antirabbit IgG-PE secondary antibody (Thermo Fisher Scientific). Data were analyzed with FlowJo Software (TriStar).
Generation of CD47 -/-MC38
To introduce DSBs, 1x10 5 MC38 tumor cells were transfected with a CRISPR ribonucleoprotein (RNP) complex, containing Alt-R CRISPR crRNA:tracrRNA and Cas9 nuclease, according to the manufacturer's protocol (Lonza). CD47 negative cells were sorted by FACS two days after transfection. For targeting mouse CD47, the following sgCD47 sequence was used: sgCD47 5 0 -CCTTGC ATCGTCCGTAATG-3 0 (Weiskopf et al., 2016) .
Detection of DNA in cytosolic extracts 10 6 of purified DCs were divided into two equal aliquots, and one aliquot was lysed in 100 mL of 50 mM NaOH and boiled for 15 min (West et al., 2015) . These whole cell lysates were neutralized with 10ul of 1 M Tris-HCl pH 8 (10x), which served as normalization controls for total DNA. The other equal aliquots were resuspended in 100 mL cytosolic extract buffer containing 150 mM NaCl, 50 mM HEPES and 25 mg/ml digitonin (Sigma) and incubated for 10 min on ice for plasma membrane permeabilization (West et al., 2015) . Then cells were centrifuged to pellet intact cells. The cytosolic supernatants were collected and centrifuged at maximal speed for 10 min to pellet the remaining cellular debris. DNA from whole cell lysates or cytosolic extract was subjected to protease K for 1 hour and purified using DNA Clean & Concentrator (ZYMO RESEARCH). Quantitative PCR was performed on both whole-cell extracts and cytosolic fractions using gDNA primers and mtDNA primers. gDNA/mtDNA CT values obtained from the cytosolic fractions were normalized to gDNA abundance for whole-cell extracts to control the variations in cell number among samples.
Phagosomal DNA degradation and phago-lysosomal fusion DCs or macrophages were pulsed with 3-mm magnetic beads and co-cultured with MC38 in the presence of 30 mg/ml rat Ig or anti-CD47. After one hour, DCs or macrophages were sorted by FACS. The phagosomes were purified on indicated time points and the copy number of phagosomal DNA was detected by real-time PCR. To detect phago-lysosomal fusion, purified phagosomes were stained with anti-LAMP1(Biolegend) and measured by flow cytometry (Savina et al., 2010) .
Detection of phagosomal NOX2 activity and PH 3-mm amino spheres were covalently coupled to dihydrorhodamine 123 (DHR) (Santa Cruz) and Alexa Fluor 647 (Life Technologies) in NaHCO3 buffer (pH 8.5) for 2 h at room temperature (Ding et al., 2016) . Beads were then washed twice with PBS. BMDCs or BMMs were pulsed with the DHR-coupled beads for 15 min, washed with cold PBS, chased for one hour, and analyzed by flow cytometry. Variation in DHR MFI was then determined. To measure phagosomal PH, 3-mm amino spheres (Polyscience) were coupled to 1 mg/ml 1 mg/ml Alexa Fluor 647 (Life Technologies) and FITC (Sigma-Aldrich) in NaHCO3 buffer (pH 8.5) for 2 h at room temperature. Beads were washed and resuspended in PBS. Cells were pulsed with beads in CO2-independent medium for 15 min at 37 C and then washed with cold PBS. The ratio of the MFI emission between the two dyes was analyzed by flow cytometry at the indicated time points and was normalized to the standard curve obtained by cells incubated in a fixed-pH solution (ranging from pH 5.5 to pH 8.0) containing 0.1% Triton X-100.
In vitro function assay of BMDCs BMDCs or BMMs were harvested for stimulation assay on day 7. BMDCs were added and co-cultured with tumor cells at the ratio of 1:1 in the presence of fresh GM-CSF with 30 mg/ml anti-CD47 antibody or rat Ig. To detect mitochondrial stress, cells were stained with anti-CD11c and mitoSOX(Life Technologies). For FcgR blockade, 10 mg/ml 2.4G2 was added into cell culture and incubated overnight. For rotenone (Abcam) treatment, MC38 cells were pre-treated with 1 mM rotenone for two hours. For chloroquine treatment, tumor cells were co-cultured with BMDC or BMDM in the presence of 5 mM chloroquine (Invivogen). Subsequently, purified CD11c + cells were either tested for type I IFN production or incubated with isolated CD8 + T cells from naive OT-I mice or 2C mice at the ratio of 1:10 for 2 days. IFN-b was detected by Mouse IFN Beta ELISA Kit (PBL Assay Science). IFNa/b transcripts were determined by real-time PCR. IFN-g production was either detected by IFN-g Flex Set CBA assay (BD Bioscience) or Elispot assay (BD Bioscience). was pre-coated with anti-IFN-g antibody (BD Bioscience) with a 1:250 dilution overnight at 4 C. After co-culture, cells were removed. 2 mg/ml biotinylated anti-IFN-g antibody (BD Bioscience) with a 1:250 dilution was added and incubated for 2h at room temperature or overnight at 4 C. Avidin-horseradish peroxidase (BD Bioscience) with a 1:1000 dilution was then added and the plate was incubated for 1h at room temperature. The cytokine spots of IFN-g were developed according to product protocol (BD Bioscience).
T cell isolation OT-I naive CD8
+ T cells or 2C naive CD8 + T cells were isolated from lymph nodes and spleen of 6 to 12-week-old mice. Selection was carried out with a negative CD8 isolation kit (StemCell Technologies, Inc.) following manufacturer's instruction.
Coimmunoprecipitation
BMDCs and BMDMs were added and co-cultured with MC38 cells at the ratio of 1:1 in the presence of 30 mg/ml anti-CD47 antibody or rat Ig for four hours. BMDCs were stained with anti-CD11c and sorted by FACS. BMDMs were stained with anti-CD11b and sorted by FACS. Cells were lysed with cell-lysis buffer (Cell Signaling Technology) supplemented with a protease inhibitor cocktail (Calbiochem). Immunoprecipitation was performed with p47phox (D-10, Santa Cruz) for four hours at 4 C. Protein G beads was added and incubated for 1 hour at 4 C. Immunoprecipitates were washed five times with 1xlysis buffer. The phosphorylated tyrosine in the p47phox subunit was detected using antibody to P-Tyr-1000 (Cell Signaling Technology) after immunoprecipitation of p47phox. Antibody to SHP-1 (C-19) was obtained from Santa Cruz. Antibody to SIRPa(P84) was obtained from Millipore. HRP-linked antibody to rabbit IgG, HRP-linked antibody to rat IgG and HRP-linked antibody to mouse IgG were obtained from Santa Cruz.
Immunoprecipitation-PCR DC2.4 transduced with an expression plasmid (pcDNA3.1) encoding Flag-tagged mouse cGAS were co-cultured with MC38 and treated with rat Ig or anti-CD47 mAb for 8 hours. Following crosslinking of DNA and associated proteins, immunoprecipitation was performed with anti-FLAG M2 (Sigma) or mouse-IgG (biolegend) following manufacturer's instruction (Sigma). Co-precipitated DNA was examined by real-time qPCR. To pull-down endogenous cGAS, purified BMDCs were fixed for 10 min in 4% PFA and quenched with 1 M Tris pH 7.4 for 5 min. Fixed cells were washed and lysed in 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, and 1.25% Triton X-100 with 10 cycles of 30 s sonication in BioRuptor water bath sonicator. Cell lysates were precleared with protein A magnetic beads (Invitrogen) and immunoprecipitated using anti-mouse cGAS (CST) or rabbit Ig (CST) at 4 C overnight. Protein A beads was added and incubated for 1 hour at 4 C. Immunoprecipitates were washed five times with 50 mM Tris, 150 mM NaCl, 1 mM EDTA, and 0.05% NP-40 (Wash Buffer). Eluted DNA were reverse cross-linked and treated with 0.2 mg/ml proteinase K (Sigma) for 2 h at 37 C. DNA were extracted with ChIP DNA Clean & Concentrator(ZYMO RESEARCH). DNA pellets were re-suspended and used in qPCR analysis to measure the abundance of specific DNA sequences.
Generation of bone marrow chimeras CD45.1 + WT mice were lethally irradiated with a single dose of 1000 rads. The next day irradiated mice were adoptively transferred with 2-3 3 10 6 bone marrow cells collected from CD45.2 + cGAS À/À or CD45.2 + WT mice. Mice were maintained on sulfamethoxazole and trimethoprim (Bactrim) antibiotics diluted in drinking water for 5 weeks after reconstitution. Mice were injected with tumor cells 5-6 weeks post-reconstitution.
QUANTIFICATION AND STATISTICAL ANALYSIS
No statistical method was used to predetermine sample size. Mice were assigned at random to treatment groups for all mouse studies and, where possible, mixed among cages. Whenever possible, the investigators were blinded to group allocation during the experiment and when assessing the outcome. Experiments were repeated two to three times. Data were analyzed using Prism 5.0 Software (GraphPad) and presented as mean values ± SEM. The p values were assessed using two-tailed unpaired Student's t test with p values considered significant as follows: *p < 0.05;**p < 0.01 and ***p < 0.001.
